We previously reported the involvement of QN1 (quail neuroretina 1) protein in cell cycle control during retinal development. We show here that QN1 is an ATPase conserved through evolution, from fugu to humans. We show that chicken/quail QN1 protein is orthologous to the KIAA1009 protein in humans, the function of which was not known. We demonstrate here for the first time that QN1/KIAA1009 protein is located at the spindle poles of the mitotic apparatus and at centrosomes during mitosis. The siRNA-mediated depletion of KIAA1009 led to abnormal mitosis with chromosome segregation defects and abnormal centrosome separation leading to the death of PC12 and MCF7 cells. Thus, QN1/KIAA1009 is a new microtubule-associated ATPase involved in cell division.
Introduction
We previously described the cloning and characterization of the QN1 gene (Bidou et al., 1993) and the role of the QN1 protein in cell cycle withdrawal at the onset of differentiation in neuroretina cells . We described the production of this protein and major changes in its subcellular distribution during retinal development . We also showed that the inhibition of QN1 protein production by a retroviral antisense strategy led to severe abnormalities in retinal histogenesis, suggestive of abnormal mitosis and differentiation . QN1 protein has been described as a coiled-coil protein and sequence comparison showed similarities with the microtubule-motor proteins of the kinesin family. The interplay between microtubules and microtubule-based motors is essential for various cell functions, from cell division to cell differentiation. Motor proteins couple nucleotide hydrolysis to the production of force for movement along the microtubules. They may also directly influence the polymerization dynamics of microtubules, orchestrating the correct segregation of chromosomes during cell division (Lombillo et al., 1995; Nicklas, 1997; Nasmyth et al., 2000) . The accuracy of this process is monitored by the spindle assembly checkpoint (Shah and Cleveland, 2000; Musacchio and Hardwick, 2002) . This surveillance mechanism can detect a single unaligned chromosome, and cause arrest in pro-metaphase until correct bipolar attachment is achieved (Rieder et al., 1995) . Thus, the spindle assembly and chromosome segregation required for the genomic stability of all organisms depend on the concerted activities of a variety of microtubule-dependent motors. In this study, we aim to investigate the role of QN1/KIAA1009 protein as a new motor protein during mitosis.
Results

Analysis of evolutionary pattern and identification of functional domains of QN1 protein
Multiple sequence alignments clearly demonstrate that the sequence of QN1 has been conserved through evolution ( Figure 1a ). Orthologous sequences were found in fugu, zebrafish, rat, mouse and human. In mammals, the QN1 ortholog is the KIAA1009 gene (Nagase et al., 1999) , which has also been identified on human chromosome 6 as C6orf84 (Figure 1b ). KIAA1009 has been described as a 153 kDa protein associated with the GAS41 (glioma-amplified sequence 41) protein in human gliomas (Munnia et al., 2001) .
We used a combination of computer methods for iterative database searches, which showed that QN1 is a coiled-coil protein containing several conserved domains (Figure 2a, b) . One of these conserved domains is the AAA ATPase domain, located between residues 574 and 1141. The QN1 protein sequence also contains a Walker A (P-loop, corresponding to an ATP/GTP binding site) (Walker et al., 1982) motif, GJX5JGKS, at position 452 and several important conserved domains relating to motor proteins and mitosis events, some of which are involved in microtubule stabilization (Figure 2b ). Similar computer analyses on the KIAA1009 protein showed the presence of the same coiled-coil region containing the AAA ATPase module identified in QN1 sequence. Similarity between the QN1 and KIAA1009 sequences made it possible to use the QN1 antiserum developed in our laboratory to detect KIAA1009 protein. The QN1 antiserum was raised against amino acids 17-866 of the QN1 protein sequence. The corresponding region in the KIAA1009 protein sequence is indicated by two blue arrows in Figure 1a . We investigated the role of the QN1 or KIAA1009 genes, both isolated from nervous tissues (QN1 from retina and KIAA1009 from brain) in PC12 cells, a powerful model of neuronal differentiation (Greene and Tischler, 1976) . Nerve growth factor (NGF) is known to switch PC12 cells from a dividing neurobiastic phenotype to a nondividing neurite-bearing phenotype resembling that of a mature sympathetic neuron (Gollapudi and Neet, 1997) . Western-blot analysis showed that similar immunoreactivity patterns were obtained with antibodies directed against QN1 or against KIAA1009. Indeed, both antisera detected three bands in protein extracts from PC12 cells (Figure 1c ): a major immunoreactive band at 150 kDa, and two minor bands at about 300 and 90 kDa.
In vitro ATPase assay
We carried out ATPase activities with purified recombinant protein to determine whether QN1/KIAA1009 was an ATPase (Figure 3a, b) . ATPase activity was evaluated by measuring the release of free phosphate during the ATP reaction. Significant amounts of free phosphate were produced, indicating that QN1/ KIAA1009 had ATPase activity. The apparently low, but reproducible level of ATPase activity may be due to our experiments being carried out without microtubule effectors. QN1/KIAA1009 colocalizes with a-and g-tubulin at the mitotic spindle poles Protein sequence analysis identified various domains associated with mitotic events (Figure 2b ). We therefore studied the involvement of QN1/KIAA1009 in mitotic processes. All the experiments described here were carried out with PC12 cells in which neuronal differentiation was stimulated by brief treatment with a low concentration of NGF. In these conditions, the cells had only just begun to differentiation and were actively multiplying. We partially synchronized PC12 cells in the G2/M phase, by treating them with nocodazole and then releasing them in fresh medium for various times to obtain different mitotic stages (Hsu and Yeh, 1996) , as described in the materials and methods.
Confocal microscopy analyses of double-staining with a-tubulin antibody and QN1 antiserum showed that QN1/KIAA1009 was essentially located at the spindle poles, and colocalized with a-tubulin throughout mitosis. No signal was detected with the QN1 preimmune serum (Pi). We also detected a signal towards the middle zone of the spindle apparatus during anaphase and during cytokinesis. Finally, QN1/KIAA1009 was concentrated at the contracted ring creating a cleavage furrow during the separation of daughter cells ( Figure  4a, b) .
The localization of QN1/KIAA1009 at the mitotic spindle pole led us to investigate whether QN1/ KIAA1009 was also located in the centrosome, which is involved in microtubule nucleation, correct bipolar spindle formation and chromosome segregation. We therefore carried out double-staining using anti-QN1 and anti-g-tubulin, a classical marker of the centrosome (Bornens, 2002) . This double immunostaining demonstrated the colocalization of these proteins at the centrosome, where they were detected as juxtaposed spots (Figure 4c ).
QN1/KIAA1009 protein associates with a-tubulin
We investigated whether QN1/KIAA1009 was a microtubule-associated ATPase by assessing its ability to interact with microtubules. We carried out co-immunoprecipitation experiments with protein extract from PC12 cells, using anti-a-tubulin, anti-QN1 or QN1 preimmune serum (Pi). The immunocomplexes obtained were subjected to immunoblot analysis with the same antibodies ( Figure 4d ). No signal was detected in immunocomplexes precipitated with preimmune serum (Pi), whereas a clear signal was detected with immunocomplexes precipitated with anti-QN1 or anti-a-tubulin antibodies. Among the tree QN1 protein forms recognized by the anti-QN1 antibody only the 150 kDa form (cytoplasmic) was associated with microtubules. QN1/KIAA1009 siRNA strategy We used a gene silencing strategy with small interfering RNA (siRNA) duplexes (Elbashir et al., 2001) to investigate the role of QN1/KIAA1009 in mitosis. Neuronal differentiation was induced in PC12 cells, which were then transfected with a 21-bp doublestranded RNA corresponding to a sequence common to the QN1 and KIAA1009 genes and with a scrambled siRNA as a control. We assessed transfection efficiency with rhodamine-stained oligonucleotides (Figure 5a ). We analyzed the effects of transfection with these RNA molecules on protein production and specificity by Western blotting 72 h after transfection. QN1/ KIAA1009 protein level decreased only in the presence of QN1/KIAA1009 siRNA, remaining stable in controls treated with lipofectamine alone or transfected with a scrambled siRNA (Figure 5b ). Previous cellular fractionation showed that the 150 kDa form was cytoplasmic, the 90 kDa form was nuclear and the 300 kDa form was present in the cytoskeletal fraction (data not shown). In QN1/KIAA1009 PC12 cells transfected with 1.4 mg/ml siRNA, the B300 kDa band disappeared, the cytoplasmic 150 kDa decreased strongly while the nuclear 90 kDa band decreased faintly in intensity (Figure 5b ). We demonstrated the specificity of QN1/KIAA1009 siRNA by carrying out a control on the same extracts, in which we assessed the levels of peripherin, a cytoskeletal intermediate filament. We found that peripherin production was unaffected by siRNA treatments (Figure 5b ). Immunocytochemical experiments with antiserum against QN1 confirmed Western blotting results. Cytoplasmic staining was fainter in QN1/KIAA1009 siRNAtransfected cells than in untransfected cells. However, residual labeling was observed in the nucleus, corresponding to the 90 kDa form (Figure 5c ). Furthermore, no apparent toxicity was observed in cultures in any conditions as shown with cell morphology (Figure 5d1 ) and nuclear Dapi staining (Figure 5d2 ). Moreover, in these conditions total cell number counting was not significantly different. QN1/KIAA1009 protein depletion leads to abnormal mitosis Confocal microscopy analysis with triple staining for QN1/KIAA1009 (green) alpha tubulin (red) and DNA (blue) showed that the mitotic spindle was incorrectly organized or oriented, with an abnormal distribution of chromosomes, in PC12 cells transfected with QN1/ KIAA1009 siRNA (1.4 mg/ml) (Figure 6a ). QN1/ KIAA1009 siRNA experiments also showed that chromosomes were organized around large centrosomes, indicating that QN1/KIAA1009 was involved in centrosome separation (Figure 6b ). In addition, experiments performed with higher concentrations of QN1/KIAA1009 siRNA (2.8 mg/ml) with subsequent nocodazole treatment enabled us to visualize microtubule repolymerization defects more clearly in fresh medium. The mitotic spindle apparatus stained with the anti-a-and g-tubulin antibodies remained relaxed and completely disorganized 60 min after transfer to fresh medium, whereas complete repolymerization was observed in the controls (Figure 6d ). These data provide evidence that QN1/KIAA1009 is a component of the spindle monitoring assembly and that chromosome segregation may account for the death of PC12 cells in conditions of low QN1/KIAA1009 expression (Figure 6c ). The prevention of polymerization or depolymerization of cellular microtubules by some drugs or molecules has been reported to initiate the apoptotic program in cycling cancer cells (Weaver et al., 2003) . We investigated whether QN1/KIAA1009 depletion affected microtubule stabilization during mitosis and whether the induction of cell death was restricted to NGF-treated PC12 cells, by applying the same QN1/ KIAA1009 siRNA strategy to MCF7 human epithelial breast cancer cells. In control cells, confocal microscopy showed that the pattern of QN1/KIAA1009 expression was similar to that described in PC12 cells. QN1/ KIAA1009 was located at the mitotic spindle pole and colocalized with microtubules (Figure 7a) . In MCF7 cells transfected with QN1/KIAA1009 siRNA, condensed chromatin was observed in the nucleus, suggesting that these cells were undergoing apoptosis, which was not the case for the controls (Figure 7a ). The number of TUNEL-positive cells had increased within 24 h of transfection, in the absence of nocodazole (Figure 7b ). In cells transfected with QN1/KIAA1009 siRNA, about 30% of the cells were TUNEL-positive after 72 h of transfection (Figure 7c) .
The downregulation of QN1 seemed to induce apoptosis more strongly in MCF7 cells than in PC12 cells, possibly because aneuploidy was more frequent in MCF7 cells than in PC12 cells.
Discussion
Accurate chromosome segregation during mitosis is a crucial step for normal division. Chromosome segregation depends on proper spindle assembly followed by attachment of the microtubules to the kinetochores of the chromosomes. Failure to form a bipolar spindle by correct centrosome separation or to attach the chromosomes to the spindle -which involves ATPases such as kinesin -activates the mitotic checkpoint resulting in cell division arrest in metaphase or in the induction of cell death.
In this report, we demonstrated for the first time that (i) QN1 has been conserved throughout evolution, and that the mammalian QN1 ortholog is the KIAA1009 gene, located on human chromosome 6 (Figure 1 ).
Figure 6 QN1/KIAA1009 is involved in chromosome segregation, (a) Confocal microscopy showing chromosome segregation defects (arrows) in PC12 cells transfected with 1.4 mg/ml of QN1/ KIAA1009 siRNA, and normal chromosome segregation in the control (1.4 mg/ml of scrambled siRNA). Cells were stained in green for QN1/KIAA1009, in red for a-tubulin and in blue for DNA. Scale bar 6 mm. (b) Centrosome migration defects. Confocal microscopy of cells stained for QN1/KIAA1009 (green), g-tubulin (red) and DNA (blue). Normal centrosome separation was observed in control cells. The third spot visualized is generally interpreted as material remaining in G2/M, stained by g-tubulin. In QN1/KIAA1009 siRNA experiments, centrosomes showed an abnormal lack of separation and were surrounded by chromosomes. The arrows indicate centrosomes. Scale bar 6 mm. (c) PC12 cell death in QN1/KIAA1009 siRNA cell cultures. This figure shows apoptotic fragmented cells (white arrow) with apoptotic bodies (empty arrows). QN1/KIAA1009 (green), a-tubulin (red) and DNA (blue) images were obtained by confocal microscopy. Scale bar 10 mm. (d) Effect of QN1/KIAA1009 siRNA on microtubules. QN1/KIAA1009 depletion affects microtubule polymerization, as seen in costaining for a-tubulin (green) and g-tubulin (red). Arrows show polymerization defects in cells transfected with 2.8 mg/ml QN1/KIAA1009 siRNA (siRNA) compared to controls lipofectamine alone (C) or scrambled siRNA (Scr) used at the same concentration. Scale bar: main image 20 mm, focus image 2 mm.
When QN1 protein sequence was matched with Human database using Blast analysis with the Expasy (Expert Protein Analysis System) proteomics server of the Swiss Institute of Bioinformatics, the best alignment obtained was with the human KIAA1009 protein also named C6orf84 (Accession number: Q9Y2L2 with a score of 992 and an E-value of 0.0). The second best alignment was with the human Desmoplakin (Accession number: P15924 with a score 118 and an E-value 1e-24).
(ii) The QN1 protein sequence contains several conserved functional domains common to kinesin microtubule-motor proteins. We also identified several domains related to mitotic checkpoint proteins: MAD (mitotic arrest-deficient) and HEC1 (highly expressed in cancer 1). HEC1 is known to be required for the recruitment of MAD1 and MAD2 proteins to the kinetochore (Figure 2 ). (iii) QN1/KIAA1009 is expressed throughout mitosis, and is located at the pole of the mitotic spindle, associated with microtubules, and in the centrosome. We also detected QN1/KIAA1009 in the middle zone and found it to be strongly concentrated at the cleavage furrow during cytokinesis. These findings suggest that QN1/KIAA1009 is involved in cell division ( Figure 5 ). (iv) These observations are physiologically relevant, as demonstrated by an siRNA strategy. We demonstrated the participation of the QN1/KIAA1009 protein in spindle formation and chromosome segregation. Indeed, transfection with QN1/KIAA1009 siRNA led to defects in centrosome separation and in microtubule polymerization, resulting in incorrect chromosome segregation in PC12 cells (Figure 6 ). Thus, QN1/ KIAA1009 protein is a microtubule ATPase required for correct chromosome segregation.
The other major finding of this study concerns the cell death induced by QN1/KIAA1009 siRNA in both PC12 and MCF7 cells. We observed differences between these two cell types in the time course of cell death induction and in the number of apoptotic cells. One possible reason for that is the extensive aneuploidy of MCF-7 cells, whereas PC12 cells are not (Nugoli et al., 2003) . The decrease in the amount of QN1/KIAA1009 may have initiated events leading to a failure of the mitotic checkpoint due to defects of microtubule polymerization or stabilization, inducing high levels of aneuploid cell death (Figure 7) .
On the whole, all the results presented in this report concerning chromosome segregation defects and microtubules repolymerization defects were highly reproducible in more than 10 experiments.
Thus, QN1/KIAA1009 protein is required for normal cell division, and acts as a microtubule motor. The cell death induced by transfection with QN1/KIAA1009 siRNA suggests that QN1/KIAA1009 protein is a potential target for novel antimitotic cancer therapies.
Materials and methods
Protein alignments and searches for conserved domains
We analyzed the secondary structure of QN1 on the NPS@ web server (Network Protein Sequence Analysis) (Combet et al., 2000) . We aligned QN1 sequences and searched for putative conserved domains, using NCBI Blast to identify COG, KOG and Pfam domains. Other Blast and Pfam domains were obtained with SMART (Simple Modular Architecture Research Tool). Protein sequences orthologous to QN1 were found using the Ensembl and TIGR (The Institute for Genomic Research) web servers. Phylogenetic tree of QN1 and its orthologous proteins were drawn with the GeneBee web server, using Clustal W 1.83 software. The sequences are annotated according to the Ensembl web server's annotations.
Cell cultures, cell cycle synchronization and drug treatments Rat pheochromocytoma PC12 cells were grown as previously described (Oberdoerster et al., 1998) . Human breast cancer MCF7 cells were grown as previously described (Cai et al., 1997). All media, sera and antibiotics used in cell culture were purchased from Invitrogen. For mitosis studies, PC12 cells were incubated overnight with 50 ng/ml nerve growth factor (recombinant human b-NGF, PeproTech Inc.) to induce a neuronal phenotype. PC12 cells were partially synchronized by treatment for 24 h with nocodazole (200 ng/ml) (Sigma) and released into fresh medium for various periods of time to obtain different mitosis stages (Hsu and Yeh, 1996) . For siRNA experiments, PC12 cells in the early stages of neuronal differentiation were transfected with a 21-bp double-stranded RNA corresponding to the sequence (5 0 -ACAGUGGCAUG CUGGCUAA99-3 0 ) with a 3 0 overhang coupled to a fluorescent rhodamine marker or with a scrambled siRNA as a control (5 0 -GUUGGAAAGCGGAGCAAUU99-3 0 ) (Eurogentec). We performed our experiments with two concentrations of QN1/KIAA1009 siRNA duplexes: 1.4 mg/ml of QN1/ KIAA1009 siRNA oligonucleotide with 4 mg/ml Lipofectamine 2000 in OptiMEMI medium (Invitrogen), and 2.8 mg/ml of QN1/KIAA1009 siRNA with 5 mg/ml Lipofectamine 2000 in OptiMEMI medium. The effects of transfection were analyzed after 72 h.
ATPase assays
The ATP hydrolysis activity of the QN1 protein was tested using a purified recombinant protein . A time course assay was performed 32 mg/ml of purified protein and 20 mM of ATP in buffer C (20 mM Hepes pH 7.2; 25 mM KCI; 2 mM MgAc; 10 mM (NH 4 ) 2 SO 4 ; 0.1 mM EDTA). All reaction mixtures were incubated at 301C for 10 min. Inorganic phosphate (Pi) was detected with the PiPer Phosphate Assay Kit (Molecular Probes), which detects free phosphate in solution through the formation of fluorescent resofurin. ATP hydrolysis was evaluated after 1 min of incubation with various ATP concentrations at 301C. The results presented here are the means of three independent experiments, with error bars indicating the standard deviation.
Primary antibodies
We used the rabbit polyclonal antiserum directed against a recombinant QN1 protein, orthologous to KIAA1009 (blue arrows on Figure 1b ), generated by Neron et al. (2001) to detect QN1/KIAA1009 protein, with QN1 preimmune serum (Pi) used as a control. We also used the KIAA1009 antibody, kindly provided by Angela Munnia from Institut fur Humangenetik, Universitatskliniken des Saarlandes, 66421 Homburg/Saar, Germany. The rat monoclonal anti-a-tubulin antibody clone YL1/2, which specifically recognizes tyrosinated tubulins was purchased from Serotec. The mouse monoclonal anti g-tubulin and the goat polyclonal anti-peripherin antibodies were purchased from Santa Cruz Biotechnology.
Co-immunoprecipitation
Mitosis-enriched PC12 cultures were used for immunoprecipitation analyses with uMacs Microbeads, carried out according to the bead manufacturer's instructions (Miltenyi Biotec). Cells were lysed as previously described and 500 mg of total protein extract was incubated with QN1 antiserum (10 ml), QN1 preimmune serum (10 ml) or a-tubulin antibody (25 mg ¼ 25 ml), and with magnetic protein A or G. The complexes obtained were analyzed by Western blotting.
Western-blot analysis Protein extracts were separated in Nu-PAGE Novex 4-12% Bis-Tris gels and transferred to Optitran BA-S reinforced NC nitrocellulose membranes (Schleicher and Schuell) according to Invitrogen's instructions, before immunoblotting . The anti-QN1 antiserum was used at a dilution of 1:5000, and anti-a-tubulin antibody was used at a dilution of 1:1000. All horseradish peroxidase-conjugated secondary antibodies were used at a dilution of 1:2000 (Caltag), with the exception of the anti-rabbit antibody for QN1/KIAA1009 detection (Vector), which was diluted 1:10000. The proteins were detected with the ECL plus system (Amersham Pharmacia Biotech).
Immunofluorescence staining, TUNEL assay and cell imaging Cells were grown in tissue culture chamber slides (Nalge). After treatment, they were washed with PBS and fixed in 4% formaldehyde. Immunostaining was performed as previously described . The anti-QN1 antiserum was used at a dilution of 1:1500, anti-a-tubulin antibody was used at a dilution of 1:1000 and anti g-tubulin antibody at a dilution of 1:200. DNA was stained with TOTO-3 iodide (Molecular Probes) for confocal microscopy and with 4 0 ,6-diamidino-2-phenylindole (DAPI) for fluorescence microscopy. All fluorescent secondary antibodies were Alexa Fluor-labeled (Molecular Probes) and diluted 1:250. We used green anti-rabbit Alexa Fluor 488, red anti-rabbit Alexa Fluor 546, red anti-rat Alexa Fluor 594 and red anti-mouse Alexa Fluor 546.
For TUNEL assays, cells were grown in tissue culture chamber slides and stained according to the kit manufacturer's instructions (Roche).
The death index was calculated by dividing the number of TUNEL-positive nuclei by the total number of DAPI-stained nuclei in various areas. The results presented are representative of three independent experiments.
Images were acquired using a Zeiss LSM 510 confocal microscope with a Â 63 oil planapochromat lens (NA1.4; Carl Zeiss) or a Leica fluorescence microscope (Aristoplan) or with an Olympus microscope (BX-51). Images were processed for publication with Adobe Photoshop 8.0.
